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ABSTRACT 


The concrete is strong in compression but weak in tension, versatile, and brittle material which is serving from so many decades for 
construction industries all over the world. The successful key for making durable concrete is to limit its ability to transport fluids like 
water. In order to devise realistic testing methods, that determine the ability of concrete to with stand chloride penetration requires 
an understanding of water mobility. In order to build durable oriented and practicable concrete structures, it is needed to be able to 
accurately predict the chloride diffusion coefficient the within concrete structures. Therefore, there is a need to quantify the chloride 
diffusion coefficient in concrete cubes which is of most important factor. The present research work is made an attempt to interpret 
the concrete chloride diffusion coefficient in ordered to characterize the different concrete mixtures design for in case of concrete 
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cubes. Thus the objectives of this present research are such as, First, this research will examine the influence of concrete ingredients 


on the results of chloride diffusion coefficient performed on concrete cubes with different mixtures proportion in which slump, and 
w/c ratio value is varied with constant compressive strength as in the first case and compressive strength, and w/c ratio value varied 
with constant slump as in the second case. Seventy-two concrete cubes (100 mm*) with grades of concrete ranges from 25-40 
N/mm? were prepared and evaluate the chloride diffusion coefficient under dried conditioned concrete cubes. Chloride diffusion 
coefficient is co-related with square root of time by power type of equation in control/impregnation concrete cubes. Chloride 
diffusion coefficient is initially increased, which may be due to concentration gradient. Concentration gradient is more at an initial 
time duration, due to that the rate of absorption is also more, once the pore structure is fully saturated, the rate of diffusion 
coefficient goes on decreases with time duration. Concentration gradient is more at an initial stage, goes on decreases as time 
passes and thus diffusion coefficient is reduced gradually as time in turn reaches equilibrium state. It’s also possible to correlate the 
variation of chloride solution absorption content ratio with square root of time by linear type of equation. From this relationship it’s 
possible to predict chloride diffusion coefficient at any time duration based on chloride solution absorption in control/impregnation 
concrete cubes. 


Keywords: 
Concrete, mixture proportion, grade of concrete, w/c ratio, chloride diffusion coefficient, chloride solution absorption content ratio 


1. INTRODUCTION 


The reinforced concrete is the most extensively used construction material, primarily due to its exceptional resistance to water, the 
ease with which the structural elements can be cast into different shapes and sizes, and its availability in most parts of the world 
[Mehta and Monteiro, 2006]. Concrete provides physical and chemical protection to the reinforcing steel against attack by 
aggressive chemical species such as chloride ions and carbon dioxide, thus making RC a durable construction material. Concrete 
structures are intended to last for decades or even centuries. However, the problem of premature deterioration of RC structures, 
more specifically those exposed to harsh conditions such as marine environments, continues to be a serious issue in the concrete 
construction industry. Several researchers have acknowledged the gravity of the problem through developing and promoting the 
implementation of performance-based specifications approach over the prescriptive method, in order to facilitate quality control of 
concrete as well as enable service life prediction of RC structures [Alexander and Thomas, 2015]. It is clear that deteriorating RC 
structures require durable repairs in order to realise their remaining service life. The durability of concrete and mortars is largely 
controlled by transport processes such as diffusion, permeation, capillary absorption and wick action, which occur within their pore 
system [Nilsson, 2003]. The transport of fluids and aggressive chemical species play a significant role in reducing the service life of 
RC structures. The ease with which water, chloride ions and carbon dioxide penetrates the concrete determines the rate of 
deterioration of RC structures [Mehta and Monteiro, 2006]. The key aspects of durability, which comprise resistance to chloride 
ingress and resistance to carbonation, therefore are vital in the design of durable repair mortars [Oh and Jang, 2007]. 

It has been reported that chloride ingress and carbonation are the main mechanisms that initiate reinforcement corrosion. 
Literature further suggests that reinforcement corrosion is the main cause of deterioration in RC structures [Roziere et al, 2009]. The 
damage to concrete members due to corrosion of steel is manifested in the forms of cracking, spalling and delamination, which 
emanate from the accumulation of corrosion products that occupy a volume greater than that of the original steel [Ballim et al, 
2009]. In marine environments and structures exposed to de-icing salts (bridges), chloride transport is a decisive factor for service 
life design. Chloride attack is not a concern in unreinforced concrete, since it does not affect the concrete, but initiates corrosion of 
steel, which consequently affects concrete. The main processes that transport chloride ions in uncracked concrete include, inter alia, 
capillary absorption, diffusion, permeation, wick action and migration [Savija, 2014]. Studies have shown that the transport of 
chloride ions in concrete is a complex process involving an interaction of several transport processes, accompanied by physical or 
chemical binding of these ions [Gjorv, 2009]. Diffusion is the principal mechanism that drives the transport of chloride ions in 
concrete exposed to a marine environment [Gjorv, 2009]. It is defined as the process through which fluids and ionic species move 
through materials, due to concentration gradient [Pack et al., 2010]. Dissolved chloride ions require continuous liquid pathways in 
order to diffuse through materials [Nilsson, 2003]. The key factors that influence the rate of diffusion are moisture content, 
temperature, characteristics of the diffusing substance and the diffusivity of the material [Ballim et al, 2009]. The diffusion coefficient 
provides an indication of the ease with which the diffusion process occurs in a material. It provides a measure of a material's 
resistance to chloride penetration. Factors that influence the diffusion coefficient include the size, connectivity and tortuosity of the 
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pores [Wegen et al, 2012]. Several test methods attempt to estimate the diffusion coefficient of cement-based materials. A typical 


method is the bulk diffusion test discussed and the diffusion coefficient is determined from the chloride profiles of concrete 
specimens [Stanish and Thomas, 2003]. The diffusion coefficient of concrete decreases with time due to continued cementing 
reactions, chloride binding and evaporation [Wegen et al, 2012]. For this reason, the diffusion coefficient at early age may not 
accurately represent the actual chloride resistance for concretes in service [ASTM C1556-04, 2004]. As mentioned by [Hamilton et al, 
2007], extended exposure of test specimens may yield diffusion coefficients that provide a better representation of concrete in 
service. 

The concrete durability is dependent on mechanism of moisture transport within the concrete matrix. The moisture transport is 
occurred in marine environment, where drying and wetting cycles occur, which leads chloride to penetrate into reinforced concrete 
structures. In fact that, when chloride reaches the rebars, corrosion can appear and that decreases the service life time of the 
concrete structures. Actually so many descriptions about moisture transport in concrete can be found in the literature such as the 
authors [Arfvidsson, 1999] describe moisture transport in concrete structures by using a single diffusion coefficient. The moisture 
diffusion factor is very the long term duration performance of cementitious materials which is described by so many diffusion 
equations as well as solved by numerous numerical methods if provided the coefficients are well known. However, there is a need to 
investigate about diffusion coefficient and transport behavior of the materials which is still remain an unsolved problem even 
though many different models have been proposed [Bazant, and Najjar, 1972]. There is a major difficulty in establishing reliable 
diffusion parameters, because diffusion of moisture inside cementitious materials is basically controlled by the micro-structure of the 
material, and pore-size distribution. In fact that, the microstructure is changing with age as well as with relative humidity in the 
pores. Therefore, all of the parameters, such as the water/cement ratio, type of cement, and curing time, which affect the formation 
of the microstructure of cementitious materials, thus have significant effects on diffusion parameters. The water movement is very 
slow in the concrete in turn it takes too much time to attain the equilibrium state as when compared to other porous materials and 
the study of water movement is firstly done by [Sakata, 1983]. He is the one who is used Boltzmann-Matano method other methods, 
in fact that, Boltzmann-Matano method has a benefit regarding cement based material research. Also an extensive research is 
carried out by Akita and Fujiwara on the water movement [Akita, et al, 1990; Fujiwara, et al, 1988; Fujiwara, et al, 1992]. They used 
different approaches to obtain the relationship between water content and water diffusion coefficient, and obtained consistent 
results to those by [Sakata, 1983]. In addition to these results that, they found the temperature dependency of water diffusion 
coefficient, water diffusion coefficient in very low water content region, and water diffusion coefficient of desorption and adsorption 
processes. An improved formula for the dependence of diffusivity on pore humidity is proposed by [Yunping Xi, et al 1994]. The 
improved model for moisture diffusion is found to give satisfactory diffusion profiles and long-term drying predictions. The model is 
suited for incorporation into finite element programs for shrinkage and creep effects in concrete structures. An extensive research is 
carried out by researchers [Rafik Belarbi, et al, 2006] that, gravimetric method is adopted for the determination of moisture diffusion 
coefficient and moisture distribution inside porous building materials. It's confirmed from the results that, the moisture diffusion 
coefficient during absorption is higher than desorption process due to the absorption hysteresis, an increase of water-cement ratio 
in cement paste. 

It’s also clear from results that, the high-strength concrete has a lower moisture diffusion coefficient than that of normal strength 
concrete under the same curing period. An experimental work is carried out by [Su-Tae Kang, et al, 2012] on moisture diffusion in 
order to investigate the variation of the moisture diffusion coefficient with age and temperature under different temperature 
conditions. Based on these experimental results, it's possible to develop a new model of the moisture diffusion coefficient 
considering the aging and temperature which is implemented by a numerical inverse analysis. As this model is considers factors 
such as porosity, humidity, and temperature, beyond the existing model for hardened concrete, and the suggested diffusion 
coefficient model is applicable to early age concrete. The investigation about the moisture transport mechanisms in concrete is 
important in order to determine the service life of a concrete structure. In fact so many authors were managed to describe the 
global moisture transport mechanisms in concrete structures during wetting/drying cycles by using Fick's laws of diffusion. An 
extensive comparison is made between the results of a model with two diffusion coefficients and a model with a single diffusion 
coefficient, where the diffusion coefficient is the average of the wetting and drying diffusion coefficient by investigators [Taher, et al, 
2013].The result is computed for one cycle of wetting and drying and simulations show that, there are differences in the results of 
the models. In order to validate the model and to investigate which of the models describes the moisture transport most accurately, 
in fact that, there is an extensive experimental work is needed. The research work is carried out by investigators [Xiao Zhang, et al, 
2015] that, in order to investigate the characterization of moisture diffusion inside early-age concrete slabs subjected to curing and 
in which time-dependent relative humidity distributions of three mixture proportions subjected to three different curing methods 
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and sealed condition were measured for about 28 days. Experimental results show that the RH reducing rate inside concrete under 


air curing is greater than the rates under membrane-forming compound curing and water curing. In addition to that, the 
comparison between model simulation and experimental results indicates that, the improved model is able to reflect the effect of 
curing on moisture diffusion in early-age concrete slabs. 


2. RESEARCH OBJECTIVES 


The water transport in a porous network like concrete is a complex criterion. This is due to the fact that, many different kinds of 
transport mechanisms in combination with various types of pores that typically appears in the same porous system. Therefore there 
is a need to study water transport mechanisms with different designed mixtures type in order to assess the rate of chloride diffusion 
coefficient in concrete structures. The present research work is made an attempt to interpret the concrete chloride diffusion 
coefficient in ordered to characterize the different concrete mixtures design for in case of concrete cubes. Thus the objectives of this 
present research is to examine the influence of concrete ingredients on the results of concrete chloride diffusion coefficient 
performed on concrete cubes with different mixtures proportion in which slump, and w/c ratio value is varied with constant 
compressive strength as in the first case and compressive strength, and w/c ratio value varied with constant slump as in the second 
case. Seventy-two concrete cubes (100 mm?) with grades of concrete ranges from 25-40 N/mm? were prepared and evaluate the 
concrete chloride diffusion coefficient in concrete cubes. 


3. EXPERIMENTAL PROGRAM 


In the present research work, six different mixtures type were prepared in total as per [BRE, 1988] code standards with concrete 
cubes of size (100 mm). Three of the mixtures type were concrete cubes (100 mm?) with a compressive strength 40 N/mm/?, slump 
(0-10, 10-30, and 60-180 mm), and different w/c (0.45, 0.44, and 0.43). These mixtures were designated as M1, M2, and M3. Another 
Three of the mixtures type were concrete cubes with a compressive strength (25 N/mm, 30 N/mm2, and 40 N/mm2), slump (10-30 
mm), and different w/c (0.5 0.45, and 0.44). These mixtures were designated as M4, M5, and M6. The overall details of the mixture 
proportions were to be represented in Table.1-2. Twelve concrete cubes of size (100 mm?) were cast for each mixture and overall 
Seventy-two concrete cubes were casted for six types of concrete mixture. The coarse aggregate used is crushed stone with 
maximum nominal size of 10 mm with grade of cement 42.5 N/mm? and fine aggregate used was 4.75 mm sieve size down 600 
microns for this research work. As concern to impregnation materials, Water based (WB) and Solvent based (SB), impregnate 
materials were use in this present research work. To avoid criticizing or promoting one particular brand of impregnation materials 
and for confidentiality reasons, the names of the products used will not be disclose and they will be refer to as WB and SB 
respectively. WB is water borne acrylic co-polymer based impregnation material, which is less hazardous and environmental friendly. 
It is silicone and solvent free and achieves a penetration of less than 10mm. SB consists of a colourless silane with an active content 
greater than 80% and can achieve penetration greater than 10mm. 


Table 1 (Variable: Slump & W/C value; Constant: Compressive strength) 


Mix No Comp/mean target Slump w/c C W FA CA(Kg) Mixture 
strength(N/mm?) Proportions 
(mm) (Ka)__(Ka)_ (Ka) _10 mm 
M1 40/47.84 0-10 0.45 3.60 162 586 18.60 1:1.63:5.16 
M2 40/47.84 10-30 0.44 435 1.92 5.62 16.88 1:1.29:3.87 
M3 40/47.84 60-180 0.43 543 2.34 642 14.30 1:1.18:2.63 


Table 2 (Variable: Compressive strength & W/C value; Constant: Slump) 


Mix No Comp/mean target Slump w/c C W FA CA(Kg) Mixture 
strength(N/mm?) Proportions 
(mm) (Ka) (Ka) (Ka) 10 mm 
M4 25/32.84 10-30 0.50 3.84 192 5.98 17.04 1:1.55:4.44 


M5 30/37.84 10-30 0.45 427 1.92 609 16.50 1:1.42:3.86 


M6 40/47.84 10-30 0.44 435 192 562 16.88 1:1.29:3.87 
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3.1. Chloride diffusion coefficient 
The chloride diffusion coefficient is determined from the solution of one-dimensional Fick's theory for unsteady diffusion process. 


The percent of chloride solution absorption gain at any time t, (Mt) can obtain from the solution of the one-dimensional Fick's 


model with constant boundary conditions as: 


8 _»_ ~D(2n + 1)?n*t 
Mt=M {1-— (2n + 1) “exp [7 8 
n=0 
Where Moo is the chloride solution absorption gain at saturation equilibrium (%), n is a known integer which is varied from material 


to material, L is the thickness of the material, and D is the diffusivity of the material. At initial stages of diffusion, the solution for 
Fick's law at lesser time reduces to as: 


Mt =i (= Je 
Moo — m L? 


It's also possible within this present research work that, to interpret the chloride diffusion coefficient in pre-conditioned control 
DCC (M1CC-M6CC) and impregnation concrete cubes (M1SB-M6SB/M1WB-M6WB) on the basis of chloride solution absorption at 
different specified time intervals (1, 3, 6, 9, 12, 15, 18, 21, and 24 days) with their varied chloride diffusion coefficients in DCC cubes 
as represented in the Table.3. 


Table 3 Chloride diffusion coefficients in DCC/SB/WB concrete cubes 


Mix ID 1 day 3day  6day 9day 12 15 18 21 24 

M1icc 0.97 0.78 0.68 0.60 0.57 0.54 0.52 0.50 0.48 
M1SB 0.93 0.71 0.68 0.59 0.56 0.53 0.51 0.49 0.48 
M1WB __ 0.94 0.74 0.68 0.60 0.57 0.54 0.52 0.50 0.49 
M2cc 0.93 0.78 0.69 0.61 0.57 0.54 0.51 0.50 0.48 
M2SB 0.94 0.74 0.68 0.60 0.56 0.53 0.52 0.49 0.48 
M2WB _ 0.95 0.75 0.69 0.59 0.56 0.53 0.51 0.50 0.49 
M3CC 0.94 0.77 0.68 0.60 0.57 0.54 0.51 0.50 0.48 
M3SB 0.94 0.77 0.69 0.61 0.56 0.54 0.52 0.50 0.49 
M3WB _ 0.93 0.78 0.56 0.60 0.56 0.54 0.51 0.50 0.48 
M4CC 0.98 0.77 0.63 0.60 0.57 0.54 0.52 0.49 0.49 
MASB 0.99 0.78 0.68 0.60 0.57 0.54 0.52 0.50 0.49 
M4WB _ 1.05 0.82 0.68 0.63 0.59 0.56 0.53 0.51 0.50 
M5CC__0.98 0.79 0.65 0.61 0.58 0.55 0.52 0.51 0.49 
M5SB__1.18 0.91 0.68 0.70 0.66 0.62 0.61 0.59 0.57 
M5WB _ 0.90 0.73 0.63 0.57 0.53 0.51 0.49 0.47 0.46 
Mé6CC 0.95 0.77 0.67 0.60 0.56 0.54 0.52 0.50 0.48 
M6SB__0.89 0.69 0.68 0.54 0.55 0.53 0.52 0.51 0.48 
M6WB _ 0.92 0.74 0.67 0.60 0.56 0.53 0.51 0.50 0.48 


4. DISCUSSION ABOUT RESULTS 


The chloride diffusion coefficient is gradually increased at initial time duration, afterwards deviates with square root of time duration 
and reaches equilibrium in turn indicates that, pore structure is attained fully saturated condition. The chloride diffusion coefficient is 
increased at time interval (2.23 min) as when compared to time interval (173.89 min) for in case of all designed control mixtures type 
(M1CC-M2CC:4.13-0.14, M1CC-M3CC:3.32-0.10, M1CC-M4CC:9.95-0.80, M1CC-M5CC:7.60-1.55, M1CC-M6CC:8.51-0.04, M2CC- 
M3CC:-0.84-0.03, M2CC-M4CC:6.08-0.67, M2CC-M5CC:3.62- 1.69, M2CC-M6CC:4.57-0.10, M3CC-M4CC:6.86-0.70, M3CC-M5CC:4.42- 
1.66, M3CC-M6CC:5.37-0.06, M4CC-M5CC:2.62-2.37, M4CC-M6CC:1.60-0.77, and M5CC-M6CC:0.99-1.57)%. The diffusion coefficient 
is initially increased, may be due to concentration gradient. Actually the concentration gradient is more at an initial time duration, 
due to that the rate of absorption is also more, once the pore structure is fully saturated, the rate of diffusion coefficient goes on 
decreases with time duration. Thus the concentration gradient is more at an initial stage, goes on decreases as time passes and thus 
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diffusion coefficient is reduced gradually as time in turn reaches equilibrium state. The variation of chloride diffusion coefficient in 
control concrete cubes for in different mixtures type (M1CC-M6CC) is as shown in Figs.1a-1f respectively. Chloride diffusion 
coefficient is correlated with square root of time by power type of equation for in all designed control mixtures type (M1CC-M6CC). 
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The chloride diffusion coefficient is increased at initial time duration, deviates with square root of time duration and reaches 
equilibrium when the concrete structure is attained fully saturated condition. The chloride diffusion coefficient is increased at time 
interval (2.23 min) as when compared to time interval (173.89 min) for in case of all designed control mixtures type as when 
compared to impregnation concrete cubes (M1CC-M1SB:4.13-0.67, M1CC-M1WB:3.32-0.20, M2CC-M2SB:2.62-0.53, M2CC- 
M2WB:1.50-0.25, _M3CC-M3SB:0.23-0.11, _M3CC-M3WB:-0.32-0.12, .M4CC-M4SB:4.77-0.90, _M4CC-M4WB:13.65-4.03, M5CC- 
M5SB:28.33-16.07, M5CC-M5WB:7.93-6.32, M6CC-M6SB:13.10-0.11, M6CC-M6WB:6.07-0.39, and M1WB-M1SB:0.83-0.87, M2WB- 
M2SB:1.00-0.29, and M3WB-M3SB:0.55-0.01, M4WB-MASB: 7.81-3.00, M5WB-M5SB: 39.38-23.90, M6WB-ME6SB: 7.49-0.28)%. The 
diffusion coefficient is initially increased which may be due to concentration gradient. Variation of chloride diffusion coefficient in 
impregnation concrete cubes for in case of different mixture type (M1SB-M6SB) is as shown in Figs.2a-2f respectively. Chloride 
diffusion coefficient is directly correlated to the square root of time by power type of equation in all designed impregnation 
mixtures type (M1SB-M6SB). 
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cubes for in case of different mixture type (M1WB-M6WB) is as shown in Figs.3a-3f respectively. Chloride diffusion coefficient is 
directly correlated to the square root of time by power type of equation in all designed impregnation mixtures type (M1WB-M6WB). 
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The variation of chloride solution absorption content (Mt) at any particular time duration to chloride solution absorption content 
(Moco) at an infinite time duration is studied in the present research work for in the case of designed control mixtures type (M1CC- 
M6CC) at different time duration in ordered to obtain chloride diffusion coefficient which is represented as shown in Fig.4a-4f and 
this chloride solution absorption content ratio is correlated with square root of time by linear type of equation in all control 
designed mixtures type (M1CC-M6CC). The chloride solution absorption content ratio was depends on factors such as square root of 
time, and material thickness, diffusion coefficient, mixture proportion, compactness of concrete matrix, quantity of fine and coarse 
aggregate, slump value, and fineness of cement. The chloride solution absorption content (Mt) at particular time duration depends 
on time, lesser/more the time, lesser/more chloride solution content availability in concrete matrix which depends on the pore 
structure formation, aggregates volume fraction, w-c ratio, slump, and compressive strength. As observed from the results that, the 
chloride solution absorption content ratio was varied and compared at different time duration (0 min) to time interval (34560 min) 
for in case of control mixtures type [M1CC-M2CC:18.92-0.27, M1CC-M3CC:8.93-0.20, M1CC-M4CC:31.42-1.59, M1CC-M5CC:9.78-(- 
3.13), M1CC-M6CC:7.33-0.08, M2CC-M3CC:-12.32-(-0.07), M2CC-M4CC:15.42- 1.33, M2CC-M5CC:11.26-(-3.41), M2CC-M6CC:-14.29- 
(-0.19), M3CC-M4CC:24.70-1.39, M3CC-M5CC:0.94-(-3.34), M3CC-M6CC:-1.75-(-0.12), M4CC-M5CC:31.55-(-4.80), M4CC-M6CC:- 
35.12-(-1.54), and M5CC-M6CC:-2.72-3.11] respectively. 
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Fig.4a Cl’ content ratio-time in mix M1 


Fig.4b Cl content ratio-time in mix M2 
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The chloride solution absorption content (Mt) at particular time duration depends on time, lesser/more the time, lesser/more 
chloride solution content availability in concrete matrix which depends on the pore structure formation, aggregates volume fraction, 
w-c ratio, slump, and compressive strength. As observed from the results that, the chloride solution absorption content ratio was 
varied and compared at time duration (0 min) to time interval (34560 min) for in case of control mixtures type [M1SB-M2SB:7.11- 
0.00, M1SB-M3SB:0.46-(-0.93), M1SB-M4SB:18.10-(-1.55), M1SB-M5SB:61.64-(-40.82), M1SB-M6SB:-23.87-(-1.05), M2SB-M3SB:-7.16- 
(-0.92), M2SB-M4SB:-11.83-(-1.55), _M2SB-M5SB:74.01-(-40.82), _M2SB-M6SB:-18.05-(-1.05), _M3SB-M4SB:17.72-(-0.62), M3SB- 
MS5SB:62.39-(-39.53), M3SB-M6SB:-23.52-(-0.12), M4SB-M5SB:97.37-(-38.67), M4SB-M6SB:7.05-0.49, and M5SB-M6SB:-52.90-28.24] 
respectively. The variation of chloride solution absorption content (Mt) at any particular time duration to chloride solution 
absorption content (Moco) at an infinite time duration is studied in the present research work for in the case of designed 
impregnation mixtures type (M1SB-M6SB) at different time duration which is represented as shown in Fig.5a-5f.The variation of 
chloride solution absorption content ratio coefficient is co-related with square root of time by linear type of equation in 
impregnation concrete cubes for in case of all impregnation designed mixtures type (M1SB-M6SB) . 
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As observed from the results that, the chloride solution absorption content ratio was varied and compared at time duration (0 
min) to time interval (34560 min) for in case of control mixtures type [M1WB-M2WB:10.45-1.17, M1WB-M3WB:3.18-0.85, M1WB- 
M4WEB:5.24-(-6.06), M1WB-M5WB:18.18-9.87), M1WB-M6WB:12.53-1.26, M2WB-M3WB:-8.11-(-0.32), M2WB-M4WB:-5.81-(-7.31), 
M2WB-M5WEB:8.64-8.80), M2WB-M6WB:2.32-0.09, M3WB-M4WB:2.12-(-6.97), M3WB-M5WB:15.49-9.09, M3WB-M6WB:9.65-0.41, 
M4WB-M5WB:13.66-15.02, M4WB-M6WB:7.69-6.90, and M5WB-M6WB:-6.91-(-9.55)] respectively. The variation of chloride solution 
absorption content (Mt) at any particular time duration to chloride solution absorption content (Moo) at an infinite time duration is 
interpreted and compared in this present research work for in the case of designed impregnation mixtures type (M1WB-M6WB) at 
different time duration which is represented as shown in Fig.6a-6f.The variation of chloride solution absorption content ratio 
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coefficient is co-related with square root of time was represented by linear type of equation in all impregnation designed concrete 
mixtures type (M1WB-M6WB). 
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As observed from the results that, the chloride diffusion coefficient was predicted based on chloride solution absorption at 
particular time duration (Mt) to chloride solution absorption at infinite time duration (Mco) for different time duration (0 min) up to 
time interval (34560 min). The chloride diffusion coefficient was varied in the control concrete cubes (M1CC:3.81-0.50, M2CC:3.43- 
0.50, M3CC:3.64-0.50, M4CC:3.16-0.50, M5CC:3.62-0.51, and M6CC:3.67-0.50), impregnation concrete cubes [(M1SB:3.61-0.50, 
M2SB:3.52-0.50, M3SB:3.65-0.50, M4SB:3.31-0.50), M5SB:4.65-0.59, M6SB:3.19-0.50, M1WB:3.69-0.50, M2WB:3.49-0.50, M3WB:3.63- 
0.50, M4WB:3.59-0.52, M5WB:3.34-0.48, M6WB:3.45-0.50] mm?/min respectively. 


Page Z 4. 


ARTICLE 


9223min 83.16rin 287m e447 min e547 min *7.76mn 810.395 min *#134lmin e1849mn | 
evi *377.36mn SES 72min o32355mn ellen © 146.96 rin - 160.59me 0173.49 mn 13145 mie 
35.00 
ae 
1 ue 
i mae 
s 
: 13.00 
= 
= 
2 10.00 
=) 
S00 
one 
Micc MISE MIWB ABCC M2SB OMIWE MJCC M3SB MJWB MéCC | M4SB 0 OM4WB OMSCC | MSSB OMSWB | M6CC )§=M6SB | M6WB 
813145min 057 | ose | OST | OST | ase | O56) OST) OST OO8ST est | O57 0 Os O66 O54 OST | O56 56 
17339mim ase | ose | Ose) Ose) se | Ose) 8S OM OD oe 0 0S O52 O59 OAs oso) ase | Os0 
160.99min 052 ast @52 #52 esi #52 | #52 0.52 @.52 @52 052 Os | eo | esz | ost ast 
914696min 054 0 054 OSH OSE O54 | O54 | O54 ce) O54 O54 | 054 O56 | ost O54 O53) O54 
©1384min 061 Cr ee Cr o61 oer 1a Oe 64 | oss ost) O54) | O80 
“295 min | 069 069 | O69 = 069 | O69 | OF § OOF OOP O56 oo | 0a 003 os | 049 | O48 
"6572min =078 a72 on os O75 an 077 os on ons 7 O82 ms) om | =D oe 
937.94 min 7 | os | om | aos | O95 | wos | am om om os On 1.05 [os | os | oso | ast 
e132min 141 1.36 137 13 137 iss 1.37 is 17 125 ww [ea 1 [ee 134 


ise 460COULSS 140 
es 1% 1&2 10 


81549 min 149 14 a is 14 iat 4s Lead Lead i” is 4 
S134imin 160 14 158 is 14s 1s LE 1.52 LES) is 4 i™ 


1% 1.68 1.6 1. 1.63 1.62 16s 1 167 1.51 1.57 1.6 fe Lm SG Las 
e774 | Dns 19s 1” 18s 1.98 1.38 17 1% 19s 71 178 193 ie)  )OLT2 136 
eSstminm | 24s par) Ls 2.20 225 E33} 1 13 2.32 20s 2.12 2 2.13 2s | lee 220 
e447mim | 270 239 261 14a 24 17 257 Ls 257 ib 1M 1s | ibe ee) 244 
“87min | 290 2 fr) 268 268 26s 277 2.77 2.76 1” 2.52 273 | 2s 2% | 243 242 
ehiemin | 321 Ty ue 289 19% pry cy 307 30S Les 178 i | 2 39 | 18 20 
el2}min aa Roe Mee Ma 352 hae het 36s 363 AMé EST] a _.! M7 OD 345 


Chieride diffusten coefficient in control DCC/SHW B concrete cubes 


Fig.7a Cl’ diffusion coefficient in DCC/CC/SB/WB cubes 
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Chloride diffusion coefficient increase in control DCC/SB/WB concrete cubes 


Fig.7b Cl diffusion coefficient in DCC/CC/SB/WB cubes 
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The variation of chloride diffusion coefficient at specified time duration (2.23 min up to 173.89 min) was interpreted in the 
control (M1CC-M6CC) and impregnation (M1SB-M6SB, M1WB-Mé6WB) concrete cubes at different time duration as shown in Fig.7a. 
The chloride diffusion coefficient was predicted based on chloride solution absorption at different time duration (0 min) up to time 


interval (34560 min). The chloride diffusion coefficient was increased in the control concrete cubes as when compared to 
impregnation concrete cubes (M1CC-M1SB:4.13-0.67, M2CC-M2SB:2.62-0.53, M3CC-M3SB:-0.23-0.53, M4CC-MA4SB:-4.77-(-0.90), 
M5CC-M5SB:-28.33-(-16.07, and M6CC-M6SB:13.10-0.11, M1CC-M1WB:3.32-(-0.20), M2CC-M2WB:-1.60-0.25, M3CC-M3WB:0.32- 
0.12, M4CC-M4WB:-13.65-(-4.03), M5C-M5WB:7.93-6.32, M6CC-M6WB:6.07-0.39, M1WB-M1SB:0.83-0.07, M2WB-M2SB:-1-0.29, 
M3WB-M3SB:-0.55-(-0.01), M4WB-M4SB:7.81-3.00, M5WB-M5SB:-39.28-(-23.90), M6WB-M6SB:7.49-(-0.28)] mm?/min respectively. 
The variation of chloride diffusion coefficient at specified time duration (2.23 min up to 173.89 min) was interpreted in the control 
(M1CC-M6CC) and impregnation (M1SB-M6SB, M1WB-M6WB) concrete cubes at different time duration as shown in Fig.7b. 

The chloride diffusion coefficient was decreased in the impregnation concrete cubes as when compared to control concrete 
cubes (M1SB-M1CC:95.87-99.33, © M1WB-M1CC:96.68-100.20, © M2SB-M2CC:102.62-99.47, © M2WB-M2CC:101-99.75, | M3SB- 
M3CC:100.23-99.89, and M3WB-M3CC:99.68-99.88, M4SB-M4CC:104.77-100.90, M4WB-M4CC:113.65-104.03, M5SB-M5CC:128.33- 
116.07, _M5WB-M5CC:92.07-93.68, | M6SB-M6CC:86.90-99.89, | M6WB-M6CC:99.93-99.61, _M1SB-M1WB:99.17-99.13, M2SB- 
M2WB:101-99.71, M3SB-M3WB:100.55-100.01, M4SB-M4WB:92.19-97.00, M5SB-M5WB:139.38-123.90, M6SB-M6WB:92.51-100.28) 
mm/?’/min respectively. The variation of chloride diffusion coefficient at specified time duration (2.23 min up to 173.89 min) was 
interpreted in the control (M1CC-M6CC) and impregnation (M1SB-M6SB, M1WB-M6WB) concrete cubes at different time duration 
as shown in Fig.7c. The chloride diffusion coefficient was increased in the control concrete cubes [(M1CC-M2CC:4.13-0.14, M1CC- 
M3CC:3.32-0.10, M1CC-M4CC:-9.95-0.80, M1CC-M5CC:-7.60-(-1.55), M1CC-M6CC:8.51-0.04, and M2CC-M3CC:-0.84-(-0.03), M2CC- 
M4CC:6.08-0.67, M2CC-M5CC:3.62-(-1.69), M2CC-M6CC:4.57-(-0.10), M3CC-M4CC:6.86-0.70, M3CC-M5CC:4.42-(1.66), M3CC- 
M6CC:5.33-(-0.06), M4CC-M5CC:-2.62-(-2.37), M4CC-M6CC:-1.60-(-0.77), M5CC-M6CC:0.99-1.57)] mm?/min_ respectively. The 
variation of chloride diffusion coefficient at specified time duration (2.23 min up to 173.89 min) was interpreted in the control 
(M1CC-M6CC) concrete cubes as shown in Fig.7d. The chloride diffusion coefficient was increased in the impregnation concrete 
cubes as when compared to different impregnation concrete cubes [(M1SB-M2SB:3.62-0.00, M1SB-M3SB:0.23-(-0.46), M1SB- 
M4SB:9.50-(-0.77), M1SB-M5SB:-27.14-(-18.67), M1SB-M6SB:12.75-(-0.52), and M2SB-M3SB:-3.52-(-0.46), M2SB-M4SB:6.10-(-0.77), 
M2SB-MS5SB:-31.91-(-18.67), M2SB-M6SB:9.47-(-0.52), M3SB-M4SB:9.29-(-0.31), M3SB-M5SB:-27.43-(-18.12), M3SB-M6SB:12.55-(- 
0.61), M4SB-M5SB:-40.49-(-17.76), M4SB-M6SB:3.59-0.25, M5SB-M6SB:31.37-15.29)] mm?/min respectively. The variation of chloride 
diffusion coefficient at specified time duration (2.23 min up to 173.89 min) was interpreted in the impregnation (M1SB-Mé6SB) 
concrete cubes at different time duration as shown in Fig.7e. The chloride diffusion coefficient was increased in the impregnation 
concrete cubes [(M1WB-M2WB:5.37-0.58, M1WB-M3WB:1.60-0.43, M1WB-M4WB:2.66-(-2.98), M1WB-M5WB:9.55-5.06, M1WB- 
M6WB:6.47-0.63, and M2WB-M3WB:-3.98-(-0.16), M2WB-M4WB:-2.87-(-3.59), M2WB-M5WB:-4.42-4.50, M2WB-M6WBB:1.17-0.05, 
M3WB-M4WB:1.07-(-3.42), M3WB-M5WB:8.07-4.66, M3WB-M6WB:4.95-0.21, M4WB-M5WB:7.08-7.81, M4WB-M6WB:3.92-3.51), 
M5WB-M6WEB:3.48-(-4.67)] mm?/min respectively. The variation of chloride diffusion coefficient at specified time duration (2.23 min 
up to 173.89 min) was interpreted in the control (M1WB-M6WB) concrete cubes as shown in Fig.7f. 

The chloride solution absorption ratio was increased in the control concrete cubes as when compared to impregnation 
concrete cubes [M1CC-M1SB:8.08-1.34, M1CC-M1WB:6.53-(-0.41), M2CC-M2SB:-5.30-1.07, M2MCC-M2WB:-3.24-0.49, M3CC- 
M3SB:-0.46-0.22, and M3CC-M3WB:0.63-0.24, M4CC-MA4SB:-9.77-(-1.81), M4CC-M4WB:-29.15-(-8.22), M5CC-M5SB:-64.69-(-24.73), 
M5CC-M5WB:15.23-12.24, M6CC-M6SB:24.49-0.22, M6CC-M6WB:11.77-0.77, M1WB-M1SB:1.66-1.74, .M2WB-M2SB:-2.00-0.58, 
M3WB-M3SB:-1.10-(-0.02), | M4WB-M4SB:15.01-5.92), | MSWB-M5SB:-94.28-(-53.52), | M6WB-M6SB:14.42-(-0.66)] = mm?/min 
respectively. The variation of chloride solution absorption ratio at specified time duration (2.23 min up to 173.89 min) was 
interpreted in the control (M1CC-M6CC) and impregnation concrete cubes (M1SB-M6SB and M1WB-M6WB) concrete cubes as 
shown in Fig.7g. The chloride solution absorption ratio was decreased in the impregnation concrete cubes [(M1SB-M1CC:91.92- 
98.66, M1WB-M1CC:93.47-100.41, M2SB-M2CC:105.30-98.93), M2WB-M2CC:103.24-99.51, M3SB-M3CC:100.46-99.78, and M3WB- 
M3CC:99.37-99.76, MA4SB-M4CC:100.77-101.81, M4WB-M4CC:-129.15-108.22, M5SB-M5CC:164.69-134.73,  M5WB-M5CC:84.77- 
87.76, M6SB-M6CC:75.51-99.78, | M6WB-M6CC:88.23-99.23, M1SB-M1WB:98.34-99.26, © M2SB-M2WB:102.00-99.42, M3SB- 
M3WB:101.10-100.02, M4SB-M4WB:84.79-94.08, M5SB-M5WB:194.28-153.52, and M6SB-M6WB:85.58-100.56] mm?/min as when 
compared to control concrete cubes (M1CC-M6CC) respectively. The variation of chloride diffusion coefficient at specified time 
duration (2.23 min up to 173.89 min) was interpreted in the control (M1WB-M6WB) concrete cubes as shown in Fig.7h. 
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Chioride diffusion coefficient decrease in DOC/S8/WE concrete cubes 


Fig.7c Cl diffusion coefficient-time in DCC/SB/WB/CC cubes 
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Chloride diffusion coefficient in control OCC cubes: 


Fig.7d Cl diffusion coefficient-time in DCC/CC cubes 
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Chioride diffusion coefficient increase in imprepeation DCC cubes 


Fig.7e Cl’ diffusion coefficient-time in DCC/SB cubes 
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ioride @ftesion coetticient increase in impregnation DCC cubes 


Fig.7f Cl diffusion coefficient-time in DCC/WB cubes 
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Chieride solution absorption comtemt ratio increase in control DOC/SRW B concrete cubes 


Fig.7g Cl solution absorption ratio-time in DCC/WB/SB cubes 
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Fig.7h Cl solution absorption ratio-time in DCC/SB/WB cubes 


tones Z 9 


ARTICLE 


Sree ee ee et ie eC eT el? i a er) er er wer) et Cee 


= = = 
. a: 
ee 
ee 


wet Snccance | anceapee | nccawce | MECC | MIPE ACE | NBOGADCC | MOEGAMEE | BCCAREE | MICEAMEC | NUCCAMOC | BOCAREE | DCCAMCE | MaCEAROC | MWEMMOC | NCEE 


“TL ee en om is | Ais “a ww at ay uw | ae an > | 1S au 
ame Om on a a2 os uw Tr) iw ae a5 | ise LN 
“WeSieee aa ir) as Ty +n os aw = ss an asim i 
DiSee1 o a | le an T | “ee ry as) ae v7) 
cr aes) es ets Lom is us - a ay aus 77) 
co a) Ms | am iT iT) rT) - 40 iT) 6 ew) be 
“tee oe in 1) a [a int 24 ‘v7 40 rT) 46 on we 
oem) 787 7 FU} Ev} 18 A ry) = an as [7] “ oo 
een thee aM ne im [im ne aa | nM w in Ta us as 
tae) as a mae ” =o na ne nes 1s Tr) TT) on 
a ue | ass a. ua us rs | ar aod ae ers) om 

ca band | sa nm ms un nS | an an ms a on 

a6 CT) im, 7 ue 13s uy) us ue a> TT) 

7) waa [2s rc) is ue) a a or) a 

” us ou im) ro] ee ran eC) us ee) a 

™ as ™ a" met a ue | on as Mss | an an 

a) ne | | a") Tue yew Dass) 

ca ma “ ny me us us | on as wes | sn Bar] 


DISEASE | MISEIR® MISBAMSE | MISEMOR | MISBAKSE | OISEMISE | MISEME@ © MISRSR | MISE OMOR MISBAUSE | MISEMISSB MISES = MESES MASE VE MORSE | 


Cette ealietion amen ption eatitinne nathe 
2 


[ 
vive |e rt ee ee re ) 
0% on on iw a2 as as au a5 wan) rt ee 
Tike) ase ie a2 | an) ow an] ass a) aes 20 a7 | am 2 
tee te uo 1° uw a as |SCOD “| ao | om le rr) 
ies as as ir as) as a T. is ow | (e on a+) 7) 
“Se US “= eT) a) a) le = «aD 1 ss) 2 
ite) a» | i io cy = nT) | OM “| «an. os “a |C rr] 
wie tw | « om |. 4% | os | | =“ | ae | o» | on | mo | wo | wo | = | om | 
‘iee) ona) | 4a)|)|)|6CUM Cae) | ne) 4a | ae] Te) Tew 
1S ete | ua a ue | un } an } mat j phe] ie | ue | Ce } as j 43 | Soe} | au | 
sleet | “ns | _ i Met | as | a | 4 Wat i “ar i as | ne 4 ar | se i = 4 oS) i Le 
see ras | LS] ms an | An J | “at “yy | ws mss | a” 1 a" Dan) | sry -“ 
envem | my | ss | ase] ma | eS, | 
cr ao om wat os 7 ma 3 8 up | am | es) | St 
or ee ee (De ee ey er) 05 a |) Ki 20 
oes cry - MS os i) [ase ens aT) “ee A us | kn a 
<a a) “ssw is iss | Rn | 
‘en aN fo ua ” oy) | isa ihe wy u™ om is as | sn im 


(Chhride abtthe aberpthe content rate noreee te meprezeation DOC) cubes: 


Fig.7j Cl solution absorption ratio-time in DCC/SB cubes 
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The chloride solution absorption ratio was increased in the control concrete cubes as when compared to different control 
concrete mixture types [M1CC-M2CC:18.92-0.27, M1CC-M3CC:8.93-0.20, M1CC-M4CC:31.42-1.59, M1CC-M5CC:-9.78-(-3.13), 
M1CC-M6CC:.7.33-0.08, and M2CC-M3CC:-12.32-(-0.07), M2CC-M4CC:15.42-1.33, M2CC-M5CC:-11.26-(-3.41), M2CC-M6CC:-14.29- 
(-0.19), M3CC-M4CC:24.70-1.39, M3CC-M5CC:0.94-(-3.34), M3CC-M6CC:-1.75-(-0.12), M4CC-M5CC:-31.55-(-4.80), M4CC-M6CC:- 
31.12-(-1.54), M5CC-M6CC:-2.72-3.11] mm?/min respectively. The variation of chloride solution absorption ratio at specified time 
duration (2.23 min up to 173.89 min) was interpreted in the control (M1CC-M6CC) concrete cubes as shown in Fig.7i. The chloride 


solution absorption ratio was increased in the impregnation concrete cubes as when compared to different designed impregnation 
concrete cubes [M1SB-M2SB:7.11-0.00, M1SB-M3SB:0.46-(-0.93), M1SB-M4SB:18.10-(-1.56), M1SB-M5SB:-61.64-(-40.82), M1SB- 
M6SB:23.87-(-1.05), and M2SB-M3SB:-7.16-(-0.92), M2SB-M4SB:11.83-(-1.55), M2SB-M5SB:-74.07-(-40.82), M2SB-M6SB:18.05-(- 
1.05), M3SB-M4SB:17.72-(-0.62), .M3SB-M5SB:-62.39-(-39.53), .M3SB-M6SB:23.52-(-0.12), _M4SB-M5SB:-97.37-(-38.67), M4SB- 
M6SB:7.05-0.49, M5SB-M6SB:52.90-28.24] mm?/min respectively. The variation of chloride solution absorption ratio at specified time 
duration (2.23 min up to 173.89 min) was interpreted in the impregnation concrete cubes (M1SB-M6SB) as shown in Fig.7j. 


Shilew slike Siiee cate ehilee aT line S1em Sihdinds STitiem Si) em SD Bele Sih Thee ORM ek SLIRddee Siti dies ooo) Bike 81a 


ise i = 
: 4 - = 


: 5 - 
= 


Chierhie satition sbeerpee extent wathe 
f 
: 


ee 


wee 
MOBO MING MINH MIWEMEAR MINEMO*AR MIVEMOAR MIVEMIOR MIVEAMO MINE MH MINEMWE MONEE MORNE MIME MERE AOE MAN SA WE 


7 uw ox m” w_ im an 74 = om aw ”" oa nap on” ass 
‘ee =O 0ti tt Pr Ce 7: nC eT =< mw Ke | ako Sad 
Weel LR on $2 mus is aT) wt as ou Ae ” at ie os on 
t— wi oo se iat wlll iti‘i‘a SSCS “~ os | im | a7 | 99 
‘ites a I | one | To astti‘(<iCStCa)C tC S)StSt*C o.|0)6™C«Uaésti‘(<“‘éis CO 
See a) UAT is) CS om )—ClU”t”~<“<—s~«*z SC 
rT ae re) eT) Ce es eS <0 wists 
em) ~C)S”C~C~SS)St=<S SSS Fry eS CT, 3) ~ os» ws | ee | 499 
i en) en | ns | 7) ~~ | om | ww | We | se | ae re |) Cnr Ty 
in 3) | eo iw mo Se et | 39 <8 tM | Om )|0)ltlCtdat(‘(‘(i‘i‘iés:O;!;”;€C«SCSC 
Ale au Ln ox is ” «ats Sat ats #45 1s tons a7 1.27 ais s 
sm sa ie | eo ED wo | 0 | oe | we | 20 | Aw ~™ «ae | te | «© | Se 
—_ oo im | av uw nom * so aos 0 |  QaP nD )0C«es (stCiS:*<“‘éTSS”!™~*™”*~*~*«~ a 
Cory ee | <n 17) CT es "7 “a )lLlUM:C<aO 
or ee ee) et 14s cS 40 | as oT) | oe) an 
ives | O)CU)CiAS tia (sO COC“‘ié~“R COCO cy rr oa] rr) 
ite wr ))|lUkS))COUO nz . ss awe | we | om wm lUlUle””™Cettt 
lies oes a tsi ny | an dm | me i | at we ll:té«i a tC 


Chterite sobsthe abverption content rate increase te inepregnetion [KOC) opbes 


Fig.7k Cl solution absorption ratio-time in DCC/WB cubes 


The chloride solution absorption ratio was increased in the impregnation concrete cubes as when compared to different 
designed impregnation concrete cubes [M1WB-M2WB:10.45-1.17, M1WB-M3WB:3.18-0.85, M1WB-M4WEB:5.24-(-6.06), M1WB- 
M5WB:18.18-9.87, M1WB-M6WB:12.63-1.26, and M2WB-M3WB:-8.11-(-0.32), M2WB-M4WB:-5.81-(-7.31), M2WB-M5WB:8.64-8.80, 
M2WB-M6WEB:2.32-0.09, M3WB-M4WB:2.12-(-6.97), M3WB-M5WB:15.49-9.09, M3WB-M6WB:9.65-0.41, M4WB-M5WB:13.66-15.02, 
M4WB-M6WB:7.69-6.90, MSWB-M6WB:-6.91-(-9.55)] mm?/min respectively. The variation of chloride solution absorption ratio at 
specified time duration (2.23 min up to 173.89 min) was interpreted in the impregnation concrete cubes (M1WB-M6WB) as shown in 
Fig.7k. 
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5. CONCLUSION 


The chloride diffusion coefficient is co-related with square root of time by power type of equation in control/impregnation concrete 


cubes. Chloride diffusion coefficient is initially increased, which may be due to concentration gradient. Concentration gradient is 


more at an initial time duration, due to that the rate of absorption is also more, once the pore structure is fully saturated, the rate of 


diffusion coefficient goes on decreases with time duration. Thus the concentration gradient is more at an initial stage, goes on 


decreases as time passes and thus diffusion coefficient is reduced gradually as time in turn reaches equilibrium state. It's also 


possible to correlate the variation of chloride solution absorption content ratio with square root of time by linear type of equation. 


From this relationship it's possible to predict chloride diffusion coefficient at any time duration based on chloride solution 


absorption in control/impregnation concrete cubes. 
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